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ABSTRACT OF THESIS 
 
Water Maze Strategies used by Mice Exposed to Radiation and Pomegranate Juice 
by 
Pamela V. Lorenzo 
Doctor of Philosophy, Graduate Program in Clinical Psychology 
Loma Linda University, March 2017 
Dr. Richard E. Hartman, Chairperson 
 
Space radiation can be detrimental to the whole body and can produce oxidative 
stress in specific areas in the brain. Research has shown that radiation affects the 
hippocampus, which is responsible for relational/contextual types of learning and 
memory. Spatial learning and memory is one type of relational learning that is easy to 
study in animals. The water maze is a test that requires the animal to use spatial 
navigation skills to find a submerged (hidden) platform in a pool of water. Disease and 
injury that affect the hippocampus result in spatial learning deficits and altered search 
strategies in the water maze. Our laboratory has previously shown that pomegranate 
juice, which has high levels of anti-inflammatory and anti-oxidant polyphenols, can 
reduce Alzheimer’s-like neuropathology and improve spatial learning in transgenic mice. 
A discriminate function analysis demonstrated that experimental group predicted search 
strategy use, correctly identifying 66% by gender, 61% by irradiation status, and 54% by 
diet. Furthermore, cell counts showed that females had more cells in the subgranular 
layer of the hippocampus, and that a higher cell count in the dentate gyrus was 
significantly correlated with increased use of a focal incorrect search strategy. These data 
demonstrate that the water maze can generate a much richer data set than simple escape 
 xi 
latency and/or swim distance, and that different experimental groups can achieve similar 
performance on this test by the use of a number of different search strategies. 
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CHAPTER ONE 
INTRODUCTION 
Earth’s lower orbit protects astronauts from radiation due to the magnetic field 
that creates a shield around the planet. However, NASA plans to send astronauts to 
perform explorations that will expose them to ionizing radiation past Earth’s lower 
orbit for extended periods of time. The astronauts will be exposed to two main types 
of radiation: cosmic rays and energetic particles from the sun associated with solar 
flares and coronal mass ejections (e.g., a burst of solar wind; Jha, 2013). Radiation 
causes oxidative stress, inflammation, cell death, and cognitive changes, which in 
turn may affect the individual physically and mentally. A diet that includes high 
levels of polyphenols that have anti-inflammatory effects may alleviate the 
deleterious effects of radiation. 
 
Radiation and the Brain 
Radiation is the flow of atomic and subatomic particles and of waves. Ionizing 
radiation pushes an electron out of its orbit around an atomic nucleus, causing the 
formation of electrical charges on atoms or molecules. Radiation not only affects the 
neuropathology by the number of neurons, cell death, and size of brain and 
vasculature but also physically and behaviorally. Animals experience motor deficits 
and depression-like behavior (Davidoff, Dyke, Elsberg, & Tarlov, 1938; Dulcich & 
Hartman, 2012). 
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Models 
Drosophila melanogaster is a species of fly commonly known as the fruit fly 
or vinegar fly. Drosophila is widely used for biological research in genetics, 
physiology, microbial pathogenesis, and life history evolution. They have several 
advantages over vertebrate models such as they are easy and inexpensive to culture in 
laboratory conditions, have a shorter life cycle, produce large numbers of externally 
laid embryos, and they can be genetically modified in numerous ways (Jennings, 
2011). Approximately 75 percent of known human disease genes have a recognizable 
match in the genome of Drosophila (Jennings, 2011). Drosophila has similarities to 
human neurodegeneration process (Lincoln & Keller, 2016). A study conducted by 
William Castle observed the effects of x-ray irradiation on Drosophila genetics. It 
was determined that irradiation caused a massive increase in the mutation rate of 
genes and could break chromosomes (Jennings, 2011). It was also determined that the 
irradiated flies looked normal; however, their offspring showed the effects of 
mutation. Another study determined that a dose of 7 Gy of cranial radiation therapy, 
an effective treatment for pediatric central nervous system malignancies, on 
Drosophila impaired motor behavior, shortened lifespan, and increased 
neurodegeneration in adult flies (Sudmeier, Samudrala, Howard, & Ganetzky, 2015). 
Zhikrevetskaya and others (2015) demonstrated that a low dose of .05 Gy and .4 Gy 
of gamma radiation increased the median lifespan of drosophila; however, after 
irradiation doses of .10 and .20 Gy it increased negative consequences 
(hyperradiosensitivity). A dose for 40 to 50 Gy of gamma radiation reduced the 
percentage of larvae that survived to adulthood by 50 percent whereas a dose of 20 
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Gy reduced the surviving rate by 25 percent. A dose of 20 Gy also impaired motor 
activity (Sudmeier, Howard, & Ganetzky, 2015). Drosophila is a model used in order 
to determine the effects of radiation on humans; however, they have an innate 
immunity but lack an adaptive immune system (Sudmeier et al., 2015). 
 Rodents, such as mice and rats, are used in order to observe the behavioral and 
neurological changes that occur after a traumatic brain injury, neurodegenerative 
diseases that mimic human diseases, medical illness. Not only can the rodent’s 
behavior be evaluated but their brain and other organs can be analyzed in order to 
determine if there are any affects on a microbiological level. Rodents receiving low 
doses of radiation display various behavioral and cellular deficits such as depression-
like behaviors, impairments in learning and memory, motor deficits, decreased 
neurons within the hippocampus, and even cell death. 
 Monkeys and nonhuman primates are used in research to understand the 
causes, progression, prevention, and treatment of a variety of diseases. Primates share 
98 percent of human genes as well as a number of physiological characteristics. 
However, due to extinction of some species, laws governing primate use, and cost of 
care, they are not often used in research. Davidoff and others (1938) demonstrated 
that macaca mullata (Rhesus macaque) monkeys that received a dose of 18.56 to 72 
Gy of radiation to the cerebrum died. Animals that received radiation to the cerebral 
hemispheres displayed hemiparesis, unilateral weakness to the body, which worsened 
until death. Irradiation to the cerebellum induced ataxia, loss of full control of bodily 
movements. Animals that received radiation to the spinal cord demonstrated 
paraplegia, which is impairment in motor or sensory function of the lower extremities 
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(Davidoff, Dyke, Elsberg, & Tarlov, 1938). Eldred and Trowbridge (1954) exposed 
monkeys to various doses of gamma radiation (4, 5.5, 6, 7, and 8 Gy) and 
demonstrated that there was no behavior changes until vomiting occurred which the 
animals would have anorexia, loose stools, slow and weakened movements, and 
hemorrhaging. Animals receiving doses of 7 and 8 Gy displayed bleeding especially 
in the colon (Eldred & Trowbridge, 1953; Eldred & Trowbridge, 1954). Animals 
receiving 80 Gy of ionizing radiation demonstrated profound effects that include 
widely scattered small necrotic lesions in the forebrain white matter, breaking of 
blood brain barrier, and brain swelling (Caveness, 1977; Nakagaki, Brunhart, 
Kemper, & Caveness, 1976). 
 Research with human participants is invaluable in advancing knowledge in the 
biomedical, behavioral, and social sciences; however, it is strictly regulated with laws 
at the federal, state and local levels. In regard to radiation research it is unethical to 
subject a participant to radiation; however, studying the effects of radiation after a 
radiation treatment for cancer and exposure due to nuclear power plants, medical 
procedures, etc. Kostakou and others (2016) indicated that interventional 
cardiologists absorbed an average of 15.253 Gy of radiation a year and an average 
dose of 0.00006 Gy during one procedure. Nurses along with physicians are exposed 
to radiation; however, nurses have a poor understanding of radiation safety, and the 
lack of knowledge and safety cause considerable anxiety (Morishima, Chida, 
Katahira, Seto, Chiba, & Tabayashi, 2016). All forms of radiation cause tumors at 
multiple anatomical sites. After the Chernobyl accident there was a sharp increase in 
the risk of thyroid cancer (El Ghissassi et al., 2009). The use of UV-emitting tanning 
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devices is widespread in developed countries especially among young women. A 
comprehensive meta-analysis indicated that the risk of cutaneous melanoma (skin 
cancer) is increased by 75 percent when use of tanning devices starts before 30 years 
of age. It also increases the risk of ocular melanoma (eye cancer) along with people 
who are employed as welders (El Ghissassi et al., 2009). Other cancers or tumors that 
are associated with the exposure of radiation are lung, bone, paranasal and mastoid 
process, liver, gall bladder, leukemia, extrahepatic bile ducts, salivary gland, 
oesophagus, stomach, colon, kidney, female breast, urinary bladder, brain and central 
nervous system (El Ghissassi et al., 2009). 
 
Types of Radiation 
The first type of radiation is electromagnetic rays which includes radio waves, 
microwaves, infrared rays, visible light, ultraviolet rays, and neutrinos that are similar 
to electromagnetic rays. Electromagnetic rays have little or no rest mass, zero charge 
and thought to be wavelike. The second type of radiation is ionizing radiation, which 
includes gamma rays, x-rays, higher ultraviolet particles, electrons, protons, and 
neutrons (Britannica, 2016). These are thought to have mass, are constituents of 
atoms and atomic nuclei, and thought to be particle-like. However, all forms of 
radiation can exhibit both particle-like and wavelike behavior in which that it 
interacts with mater or through space. 
 Electromagnetic radiation is the radiant energy released by certain 
electromagnetic processes and is produced whenever charged particles are accelerated 
and the waves interact with any charged particles. The electromagnetic spectrum 
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includes, in order of increasing frequency and decreasing wavelength: radio waves, 
microwaves, infrared radiation, visible light, ultraviolet radiation, x-rays and gamma 
rays (which are ionizing radiation; Britannica, 2016). Most ionizing radiation consists 
of protons and other charged particles. The astronauts recruited on the mars mission 
will be exposed to radiation, of which, about 85% is proton radiation. Ionizing 
radiation occurs when energy hits an atom or molecule, which causes the release of 
the electron. The atoms with released electrons or unpaired electrons are called free 
radicals. Free radicals can cause oxidative stress, inflammation, cell death, and 
cognitive changes. Oxidative stress is an imbalance between the production of free 
radicals and the ability of the body to counteract or detoxify their harmful effects 
through neutralization by antioxidants. Free radicals damage all components of the 
cell, including proteins, lipids (fats), and DNA.  
Radiation is measured in the unit Gray and is the absorption of 1 joul of 
ionizing radiation by 1 kg of mater such as human tissue. According to the history of 
radiation and other sources, a dose of 5 Gy or more results in the death of a human 
within 14 days of exposure (Britannica, 2016). In animals, 1 to 2 Gy of radiation is 
considered a low dose whereas 10 to 12 Gy of radiation is a lethal dose and causes 
death (Archanta, Fuss & Martinez, 2009; Baran et al., 2012). Adults experience 0.002 
Gy per year from natural sources that is in the air, water, earth, our bodies, and all the 
materials we use (Luckey, 2006). Radiation is used for medical treatment of cancer 
with varying ranges of cumulative doses targeted at specific cancers.  A person is not 
receiving these doses of radiation at once but is receiving fractions of the dose over a 
period of time. In humans, cumulative therapeutic doses of radiation range from 45 to 
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60 Gy for breast, head, and neck cancers, this total dose is given in fractionated doses 
of 1.8 to 2 Gy per session. However, for epithelial cancer cumulative dose ranges are 
from 60 to 80 Gy and for lymphomas the range is between 20 to 40 Gy (Britannica, 
2016). 
 
Neuropathology  
Astronauts will potentially be exposed to relatively high doses of radiation 
(Jha, 2013). Studies have examined small doses of radiation on animal subjects to 
determine the physical effects. A study conducted by Sanzari, Wambi, Lewis-Wambi 
and Kennedy (2011) demonstrated that in ICR mice (generic outbred mouse model 
with a fast growth rate) exposed to 1 Gy proton radiation, the radiation caused 
oxidative stress that induced apoptotic cell death. Apoptosis is defined as the death of 
cells that occurs when cells are no longer needed there is an activation of the 
intracellular death program, which is sometimes a normal and controlled part of an 
organism’s growth or development. Small doses of proton radiation, such as 1 and 2 
Gy, compared to the lethal dose, which is 10-12 Gy, induce apoptosis or cell death in 
mice. The study also indicated that supplementation with antioxidants like vitamins C 
and E, α-lipoic acid, coenzyme Q10 N-acetylcysteine (NAC), and ι-selenomethionine 
(SEM), was shown to decrease oxidative stress (Sanzari et al., 2011). Baran, et al. 
(2012) examined a radiation dose of 2 Gy, demonstrated that 48 hours after the 
animals were exposed. Also, it has been shown that younger rats had a decrease in 
granule cell neurogenesis with low doses of proton irradiation than adult rats 
(Achanta et al., 2009). It has also been shown in humans that children are susceptible 
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to radiation and chemotherapy effects and cognitive deficits also known as radiation 
brain. Research focuses on the effects of total body radiation, like what the astronauts 
will be exposed to, on the brain in terms of neuronal or cell death and behavior. 
 
Behavioral Effects.  
The elevated zero maze measures general avoidance levels by placing the 
animal on a plastic ring (100 cm outer diameter and 10 cm wide) that has 35 cm walls 
enclosing two opposing quadrants and elevated of the floor. Lights are used to 
illuminate the open spaces of the maze. The animal’s activity is monitored for five 
minutes and the amount of time spent within the enclosed space is calculated. 
Irradiated female animals spent more time exploring (Dulcich, 2013). Females 
generally spend more time in the dark enclosed arms, demonstrate greater avoidance 
behaviors, compared to males (An et al., 2011; Hartman, Kamper, Goyal, Stewart, & 
Longo, 2012). 
 A way to measure an animal’s general activity level and movement patterns is 
using the open field test. The open field test is where the animals are placed in an 
opaque open-topped plastic bin and allowed to explore for the duration for thirty 
minutes while the animal’s movements are recorded by an overhead camera and 
analyzed. Dulcich (2013) demonstrated that there was no significant difference 
between irradiation of proton radiation and pomegranate diet for male or female mice. 
However, it was determined that pomegranate juice made male mice perform similar 
to females in the open field test. 
 The tail suspension test is used to measure learned helplessness indicating 
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depressive like behavior. The animal is suspended by the tail with adhesive tape, and 
the other end of the tape is wrapped around a hook in the center of the ceiling of a 
wooden box. The animal’s immobility and agitation is measured for six minutes. 
Animals that are immobile and stop struggling are displaying helplessness a 
depressive behavior. Mice displayed more depression-like behaviors when they stop 
struggling to escape an inescapable situation (Steru et al., 1985). It was determined 
that irradiated mice had more immobility compared to their non-irradiated 
counterparts; however, a pomegranate diet restored it (Dulcich, 2013). 
 Animal’s sensorimotor and coordination is measured using an accelerating 
rotarod apparatus. It consists of a 3 cm diameter rotating horizontal cylinder. The 
animal is placed onto the cylinder and has to continuously walk forward to avoid 
falling. Three conditions are administered; a steady trial, slow acceleration, and fast 
acceleration. In the steady trial the cylinder is rotating at a steady rate. The slow 
acceleration starts at the steady rate and accelerates by a set rate every few seconds 
(e.g. starting at 5 RPM and increased by 3 RPM every five seconds). The fast 
acceleration consists of starting at the steady rate and accelerates by at a faster rate 
than the slow acceleration (e.g. starting at 5 RPM and increased by 3 RPM every 
three seconds). The animals that were irradiated did not improve from baseline 
whereas non-irradiated animals improved significantly. Females performed better 
than males. A pomegranate enriched-diet improved performance and led males to 
perform similar to female mice (Dulcich, 2013). 
 The balance beam is a measure used to assess the animal’s motor skills, 
balance, and coordination. The animal is placed on the center of the beam and their 
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movement is monitored for the duration of a minute. The distance traveled along the 
beam, number of times the animal reversed its direction, and time spent on the beam 
are recorded. Female mice were more active than males. Irradiated male mice had 
more activity than non-irradiated mice; however, a pomegranate juice diet 
ameliorated this (Dulcich, 2013). 
The water maze (WM) is a spatial learning and memory task often used to 
assess learning in rodents. In the WM, the animal has to navigate by external cues in 
and around the room (e.g., a clock on the wall) because no odor or sound cues are 
available. It also provides a setting similar to spatial learning for humans (i.e., being 
able to locate one’s car in a parking lot) in the sense that the subject or animal has to 
rely on visual-spatial cues in their surroundings in order to locate the desired object 
(Morris, 1984). The WM task is a tank filled with opaque water that contains an 
“escape platform” that may or may not be visible. The WM task typically has three 
phases: cued, spatial and probe. In the cued phase, the platform is visible, meaning 
that it is above the water and may have a marker. The cued phase is used as a control 
task to make sure that the animals can swim, see, and are motivated to escape the 
water. The spatial phase is where the platform is hidden, meaning it is submerged in 
the water, and the animal must rely on spatial cues from around the room to locate the 
escape platform. The probe phase does not include an escape platform, and the 
amount of time the animal spends in the target quadrant, where the platform was, 
indicates whether the animal had learned the location of the platform. The animal will 
continuously search the area or quadrant that the platform was in order to escape from 
swimming. A pomegranate enriched-diet led male mice to perform similar to female 
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mice, whereas males that received the control/sugar matched water took longer to 
learn the spatial task (Dulcich, 2013). 
 
Swim Strategy 
Dulcich (2013) demonstrated that irradiated animals did not differ from non-
irradiated animals in WM performance. Dalm and others (2000) also did not find 
differences in irradiated and non-irradiated animals; however, it was determined that 
there was a difference in the path or route the animal takes to find the platform. The 
path or route that the rat or mouse took was scored based on search strategies 
determined by the observations of the animal and research. The mouse used one of 
the nine search strategies determined by Janus (2004). The nine strategies are spatial 
direct, focal correct, focal incorrect, chaining, scanning, random searching, circling, 
floating, and thigmotaxis (see Table 1 and Figure 5).  
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Table 1. Swim Strategies. 
Swim Strategy Definition Code 
Spatial Direct A direct swim path to the location containing the 
escape platform 
1 
Spatial Indirect A direct swim path with a slight curve to the 
location containing the escape platform 
2 
Focal Correct Searching one quadrant where the escape 
platform is located 
3 
Focal Incorrect Searching one quadrant where the escape 
platform is not located 
4 
Chaining Circular swimming at a fixed distance from the 
wall 
5 
Scanning The search path was restricted to a limited, often 
central, area of the pool 
6 
Random Search Swimming over the entire area of the pool 7 
Circling Swimming in tight circles, often showing a 
general directional movement 
8 
Floating Inactivity without forward movement 9 
Thigmotaxis Swimming along the wall of the pool that could 
include sporadic swims toward the center of the 
pool 
10 
Looping Swimming in loops/lose circles, often showing a 
general directional movement 
11 
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   Figure 1. Pictures of Swim Strategies. 
 
Spatial direct is defined as the subject swimming directly to the escape 
platform. Focal correct is where the animal is searching in the quadrant where the 
platform is located, whereas focal incorrect is when the animal is searching in the 
wrong quadrant. Chaining is when the animal searches the center area of the tank at a 
constant distance from the wall. Scanning is where the animal searches for the 
platform in the inner area of the tank. When the animal searches the entire area of the 
tank, this is called random searching. Circling is defined as when the animal makes 
Spatial 
Direct 
Focal 
Correct 
Focal 
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Chaining 
Scanning 
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Circling 
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Spatial 
Indirect 
Looping 
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tight circles in the tank that indicate a directional movement. Floating is where the 
animal is not moving. Thigmotaxis is defined as wall hugging, which is when the 
animal swims along the perimeter of the tank, but it can also include a few swims 
toward the center of the pool (Janus, 2004). Other swim strategies that were identified 
are Looping and Spatial Indirect (Brody & Holtzman, 2006). Spatial Indirect is 
defined as swimming to the platform with at most one loop. Looping is defined as 
persistent swimming around the other 15 centimeters of the tank (Brody & Holtzman, 
2006). 
 Brody and Holtzman (2006) identified three major categories that encompass 
a number of swim strategies. Spatial strategies include spatial direct, spatial indirect, 
and focal correct. Nonspatial strategies include scanning, random search, and focal 
incorrect. The third category is repetitive looping, which includes chaining, looping, 
circling, and thigmotaxis. The spatial strategies are considered the most effective 
strategy in which the animal is locating the platform by swimming directly or with 
one loop, or searching the correct quadrant. The nonspatial strategies are considered 
the least effective indicating that the animals were either searching the wrong 
quadrant or searching the tank for the platform. Lastly, repetitive looping strategies 
are considered least effective indicating that the animals began using compensatory 
behaviors; however, they are able to locate the platform (Brody & Holtzman, 2006). 
 Janus (2004) showed that normal rats swam along the perimeter of the pool 
(thigmotaxis) during the first trials. During later trials, there were different strategies 
being used, such as circling swimming in the center of the tank (Korz, 2006). 
Research conducted by Balducci and Forloni (2011) observed amyloid precursor 
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protein (APP) transgenic mice, which are used as a model of Alzheimer’s disease 
(AD) and develop amyloid β plaques by 3 to 6 months of age. Transgenic is when the 
animal expresses a mutated human gene implicated in AD such as the APP or risk 
factors for developing the disease. Transgenic mice display similar deficits expressed 
in radiated mice. The control mice used chaining or spatial strategies, but the APP 
transgenic animals did not use spatial strategies. Instead, they used chaining and focal 
incorrect (Janus, 2004). 
 Another study demonstrated similar findings, in that the transgenic mice did 
not perform as well as the controls on the cued testing; however, they did improve 
over the five days of training. Poor performance by transgenic mice on cued testing 
indicated that they did not have initial learning. During the cued and hidden platform 
(spatial) portion of the test, the transgenic mice used a variety of swim strategies to 
locate the platform, whereas the probe phase did not demonstrate that the mice had 
any memory for where the platform is located (spatial memory; Brody & Holtzman, 
2006). All of the mice improved over the five days, however, the mice that received a 
traumatic brain injury (TBI) did not show any spatial learning during the probe phase 
indicating that there was no quadrant preference especially the quadrant where the 
platform was located. The transgenic mice decreased their use of spatial strategies 
(Spatial Direct, Spatial Indirect, and Focal Correct) and used more nonspatial 
strategies, such as repetitive looping. The controls decreased the use of nonspatial 
strategies and increased spatial strategies, such as spatial direct (Brody & Holtzman, 
2006).  
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 A study conducted by Grootendorst and others (2002) used Apolipoprotein E-
deficient (ApoEKO) mouse model, which is used as a model of atherosclerosis that 
develop human-like plaques. ApoEKO mice were treated with corticosteroid and 
compared to ApoEKO mice that were not given a treatment, and exposed to the WM 
task. It was demonstrated that ApoEKO mice that did not receive the corticosterone 
treatment took longer to learn the WM task. Three-month-old ApoEKO mice spent 
less time in the target quadrant; however, after four to five days of training, the mice 
spent more time in the target quadrant (Champagne, Dupuy, Rochford & Poirier, 
2002). ApoEKO mice used thigmotaxis swimming more than the controls. As the 
ApoEKO mice increased in age, they increased thigmotaxis swimming indicating that 
the mice did not improve with time and continued to use inefficient strategies 
(Champagne et. al., 2002). This may be relevant as AD in humans is a progressive 
disease that continues to worsen with time/age of the individual and has effects on 
cognitive functioning. 
 A study conducted on juvenile traumatic brain injury (jTBI) recorded the use 
of three different learning strategies containing eight swim patterns, this is in contrast 
to the nine reported by Janus (2004); however, there are significant overlap between 
the two. There are three different learning strategies containing eight swim patterns. 
The first learning strategy, spatial, includes the following swim patterns: spatial 
direct, spatial indirect, focal correct and scanning. The second learning strategy, 
systematic, includes the following swim patterns: random, and focal incorrect. The 
third learning strategy, looping, consists of chaining and peripheral looping swim 
patterns. Animals that received a jTBI demonstrated less spatial strategies and more 
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looping strategies in the WM and they are unable to improve their performance over 
time. The animals that had not received jTBI used more spatial strategies than the 
jTBI rats (Pop, Sorensen, Kamper, Ajao, Murphy, Head, Hartman & Badaut, 2012). 
Another study conducted by Garthe, Behr, and Kempermann (2009) determined that 
the mice receiving temozolomide a compound that prevents adult neurogenesis and 
mimics AD deficits in the hippocampus, did not show learning when tested during the 
probe phase. The control group that did not receive themozolomide used spatial 
strategies to find the platform (Garthe et. al., 2009). 
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Table 2. Summary of Swim Strategy Research. 
Study Animals Gender Strategies Result 
Champagne, 
Dupuy, 
Rochford, & 
Poirier 
(2002) 
Mice; 
ApoEKO 
Males Thigmotaxis 
Floating 
ApoEKO mice displayed 
high thigmotaxic 
behaviour 
Janus (2004) Mice; 
Transgenic 
Males Spatial Direct, Focal 
Correct, Focal 
Incorrect, Chaining, 
Scanning, Random, 
Circling, Floating, 
Thigmotaxis 
Transgenic mice used 
chaining and focal 
incorrect. Controls used 
spatial strategies and 
chaining. 
Brody & 
Holtzman 
(2006) 
Mice; 
Transgenic
, TBI 
Males & 
Females 
Spatial Direct, Spatial 
Indirect, Focal 
Correct, Scanning, 
Random, Focal 
Incorrect, Chaining, 
Peripheral Looping, 
Circling 
The controls decreased the 
use of nonspatial strategies 
and increased the use of 
spatial strategies. 
Transgenic mice decreased 
the use of spatial 
strategies. 
Korz (2006) Rats; 
Electric 
Shocks 
Males Thigmotaxis, 
Swimming in the 
Center 
Experimental group used 
thigmotaxis swimming. 
Controls swam in the 
center of the tank. 
Garthe, 
Behr, & 
Kemperman
n (2009) 
Mice; 
Drug 
(temozolo
mide; 
TMZ) 
Females Thigmotaxis, Random 
Search, Scanning, 
Chaining, Directed 
Search, Focal Search, 
Direct Swimming, 
Perserverance 
Controls used spatial 
strategies. TMZ animals 
relied on scanning and 
directed search at the 
expense of focal search 
and direct swimming. 
Pop, 
Sorensen, 
Kamper, 
Ajao, 
Murphy, 
Head, 
Hartman & 
Badaut 
(2012) 
Rats; jTBI Males Spatial Direct, Spatial 
Indirect, Focal 
Correct, Scanning, 
Random, Focal 
Incorrect, Chaining, 
Peripheral Looping 
Sham animals used more 
spatial strategies than jTBI 
animals. The jTBI animals 
did not improve strategies 
over time. 
 
 
 
 
 19 
Gender Differences  
Sex differences have been researched in the water maze and have been 
variable in determining if males perform significantly better than females whereas 
other articles demonstrated that there is no difference in performance. Male Long 
Evans rats learned faster than female rats, and in the first thirty seconds, males spent 
more time in the target quadrant than females; however, there was no difference in 
time spent in the target quadrant during the sixty-second trial (Rodríguez, Torres, 
Mackintosh & Chamizo, 2010). The study revealed that during water maze testing, 
there was no difference between males and females when exploring the tank 
(Rodríguez et. al., 2010). Historically, most published studies have used male 
participants as opposed to females due to the complications with the female estrus 
cycle. Warren and Juraska (1997) demonstrated that female rats perform better during 
the estrus cycle than in the proestrus cycle; however, the difference is relatively 
small. Thorndyke (2013) demonstrated that there are gender-based water maze 
differences among rats; however, there were no performance differences among mice. 
Proton radiation. Proton radiation causes not only cell apoptosis, but other 
studies indicate that it produces cognitive changes in hippocampal functions, 
particularly spatial learning and memory, in preadolescent, adolescent and post 
adolescent rats (Achanta et al., 2009). Ionizing radiation has been shown to decrease 
the number of hippocampal neurogenesis (generation of new neurons) but not the 
number of glial cells. A conflicting study demonstrated that mice exposed to a whole-
body dose of 2 Gy of proton radiation did not show any deficits initial learning or 
memory compared to the non-radiated group (Dulcich & Hartman, 2012). Bellone 
 20 
(2014) examined the effects  of proton radiation on an AD model of mice and 
determined that no significant changes were observed three months post irradiation; 
however, significant deficits in learning and memory were observed six months post 
irradiation. These findings indicated that there was impaired reversal learning in the 
WM but irradiated mice remained cognitively flexible in new situations. Cognitive 
flexibility refers to the animal’s ability to inhibit previously learned information and 
utilize a new approach in order to locate the platform (Bellone, 2014). 
 Since astronauts will be exposed to galactic cosmic rays and solar energetic 
particles of radiation, a comparison needs to be made between the different types of 
radiation to determine the potential effects on cognitive function. A study conducted 
by York and others (2011) examined the behavior of six-week old CD-1 mice (non-
inbred albino mice) exposed to gamma radiation versus proton radiation. Gamma 
radiation was shown to reduce the animals’ locomotor activity (distance moved and 
velocity) six hours after radiation exposure (0.5 Gy to 2 Gy); however, the same dose 
of proton radiation given to another group of animals did not show any motor deficits. 
Gamma radiation did not impair exploratory behavior, investigation, or social 
exploratory behavior (York et al., 2011). 
 
Phytochemicals and the Brain 
 Phytochemicals are found in plants and have protective properties that can 
ameliorate cognitive and behavioral deficits (Dulcich & Hartman, 2012). Polyphenols 
(polyhydroxy phenol) are antioxidant phytochemicals that prevent or neutralize the 
damaging effects of free radicals. Excess concentrations of free radicals are 
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associated with cellular damage and organisms with highly protective antioxidant 
systems that are efficient enough to neutralize excessive free radicals, have cellular 
protection against the harmful effects of antioxidants (Aslani & Ghobadi, 2016). 
Phytochemicals have also been found to increase the lifespan, and the number of 
neurons within the brain. 
 
Models 
Again, Drosophila melanogaster is a species of fly commonly known as the 
fruit fly or vinegar fly. Drosophila are widely used for biological research in genetics, 
physiology, microbial pathogenesis, and life history evolution. Green tea has been 
shown to improve blood lipid profiles, reduce risks of coronary heart disease, control 
body weight, and reduce the risks of some cancers in animals and humans. Male 
Drosophila receiving green tea extract had an increased the mean lifespan of 16 
percent compared to those not receiving green tea extract. Other studies have 
demonstrated a 21 percent increase in male fly lifespan (Lopez et al., 2014). Lopez 
and others (2014) demonstrated that green tea polyphenols (GTP), with 9 percent 
yeast content, significantly extended mean lifespan of male Drosophila by 19 percent. 
Flies receiving GTP with 1 percent yeast content had severely compromised survival. 
While there were no differences in female mean lifespan at all yeast levels (Lopez et 
al., 2014). Blueberries, oregano, cranberries, nectarines and acai are rich in 
polyphenols. Blueberry extracts extends mean lifespan by 10 percent (Dong, 
Guha,Sun, Cao, Wang & Zou, 2012). A mixture of oregano and cranberry (OC), 
which have multiple medicinal properties, increased lifespan in Mexican fruit flies. 
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Nectarines were shown to increased lifespan and lifetime reproductive output in 
Drosophila. Açai pulp supplementation promotes survival when Drosophila are fed a 
high-fat diet compared to a standard diet of traditional yeast (Dong et al., 2012). 
 Rodents, such as mice and rats, are used in order to observe the behavioral and 
neurological changes that may occur after an injury or disease process, in addition, 
organ, tissue, and cellular level analysis can also be performed. Furthermore, 
treatment can be administered in order to assess whether certain drugs or natural 
substances can ameliorate observed deficits. Foods and supplements rich in 
polyphenols can be given to observe their effects on rodents. Male mice receiving 
green tea extract had a longer lifespan versus controls. Also, Wistar rats had 
significantly increased median lifespan to 105 weeks compared with controls at 92.5 
weeks. It also delayed death of healthy rats by about 8 to 12 weeks (Lopez et al., 
2014). Blueberries contain a wide array of polyphenols; rats receiving blueberries had 
preserved learning and memory (Dong et al., 2012). Aged rats (18 months old) 
receiving blueberry supplementation displayed improved spatial working memory 
after 3 to 12 weeks (Lamport et al., 2016). Bensalem and others (2016) demonstrated 
that adult and middle aged mice (C57Bl/6J; wild type mice) receiving a polyphenol-
rich extract derived from grape and blueberries (PEGB) diet had improved spatial 
navigation learning in the water maze and slightly improved memory in middle-aged 
mice. 
 Monkeys or primates are utilized in studying behavioral deficits and 
neuropathological, impairments caused by disease or injury, in addition they are 
utilized to analyze response to treatments in order to determine if they alleviate 
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observed ailments. Primates consume foods that have various levels of polyphenols. 
Primates, more specifically red howler monkeys, ate 195 plant species from 47 
families. The major food categories were young leaves (54%), mature fruits (21.5%), 
and flowers (12.6%). The other, 11.9%, food categories included old leaves, 
immature fruits, termitarium soil, bark, and moss (Julliot & Sabatier, 1993). A study 
conducted by Chen and others (2015) demonstrated that tea polyphenols alleviated 
motor impairments and dopaminergic neuronal injury in monkeys (cynomolgus from 
10 to 12 years old) treated with the neurotoxin MPTP (N-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine) to simulate Parkinson’s Disease, which is a neurodegenerative 
disease that affects dopaminergic neurotransmission resulting in movement disorders. 
The monkeys displayed improvement in motor function in the early stages and 
significantly improved within two months (Chen et al., 2015).  
 Again, research with human participants is invaluable in advancing 
knowledge in the biomedical, behavioral, and social sciences. In terms of 
polyphenols, it is easier to conduct research due to phytochemicals and polyphenols 
naturally occurring in the environment such as various fruits and vegetables. Humans 
already eat various fruits and vegetables that contain different levels of 
phytochemicals; therefore, researchers are interested in what they do for the body, 
lifespan, and behavior, more specially learning and memory. Research has 
demonstrated that concord grape juice improved verbal learning and reduced 
semantic interference on memory tasks in older adults with mild cognitive 
impairment after daily consumption for 12 and 16 weeks. Also, increased activation 
and cerebral blood flow in the right middle prefrontal and right superior parietal 
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cortical regions (Lamport et al., 2016). Lamport and others (2016) demonstrated that 
healthy working mothers (40-50 years old) of preteen children who received concord 
grape juice had better immediate spatial memory and two aspects of driving 
performance, more specifically, a quicker reaction time to unfolding traffic events, 
and increased steering accuracy in combination with a faster response time to changes 
in lead vehicle 
 
Types of Phytochemicals 
Phytochemicals are found in plants and have protective properties that can 
ameliorate cognitive and behavioral deficits (Dulcich & Hartman, 2012). There are a 
number of polyphenols based on the individual compounds and food sources; 
phenolic acids, flavonoids, stilbenes, and lignans (Manach, Scalbert, Morand, 
Rémésy, & Jiménez, 2007). Flavonoids and non-flavonoids are both antioxidants and 
a group of plant metabolites; however, non-flavonoids are more variable in structure. 
The six subclasses of flavonoids are anthocyanins, flavonols, flavones, flavanones, 
isoflavones, catechins, and proanthocyanidins. Non-flavonoids include lignans, 
stilbenes, and phenolic acids (Manach et al., 2007; Singh, Arseneault, Sanderson, 
Murthy, & Ramassamy, 2008). Anthocyanins are blue, violet, or red pigments found 
in plants such as berries, grapes, cherry, and rhubarb (Singh et al., 2008). Flavonols 
are found in parsley, celery, thyme, and hot pepper. Flavanones are found in citrus 
fruits and juices such as grapes and oranges. Isoflavones are in soybeans, soy foods, 
and legumes. Monomeric and polymeric flavonols are found in green and black tea, 
chocolates, grapes, berries, and apples. Proanthocyanidins are found in chocolate, 
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apples, berries, red grapes, and red wine. Phenolic acids can be found in blackberry, 
raspberry, strawberry, black currant, blueberry, kiwi, cherry, plum, apple, pear, peach, 
chicory, artichoke, potato, and coffee. Lignans include linseed, lentils, garlic, 
asparagus, carrots, pears, and prunes. Stilbenes are found in grapes pomegranate, and 
groundnut. Tannins are a yellowish or brownish bitter-tasting organic substance that 
can be powdery, flaky, or spongy. 
Pomegranate juice contains high concentrations of compounds that when 
metabolized by the body have antioxidant properties, in addition pomegranate juice 
also has high levels of bioactive polyphenols compared to other sources such as red 
wine or green tea (Aviram et al., 2000). The bioavailability of polyphenols differs 
depending on the type of fruit, vegetable or beverage consumed, furthermore, there 
are changes seen depending on the person consuming the polyphenol compound and 
their intrinsic physiopathological conditions (Singh et al., 2008). Polyphenol content 
varies with the geographical region, climate, soil, and the age of the fruit or vegetable. 
The highest concentrations of polyphenols are found in the outer parts of ripe fruit 
and decrease with further ripening (Manach et al., 2007). The bioavailability of 
polyphenols also depends on its chemical structure as this determines the absorption 
rate through gastrointestinal tract (GIT), it’s metabolism, and eventual biological 
activities (Singh et al., 2008). Absorption of polyphenols occurs in the small 
intestines. The majority of polyphenols are highly metabolized in the GIT, making 
accurate measure of their bioavailability difficult as metabolites may be absorbed or 
eliminated. Additionally some polyphenols are either rapidly eliminated from the GIT 
or poorly absorbed. The poor absorption, fast metabolizing, and rapid elimination 
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indicate that polyphenols are not readily available in the body unless the animal or 
human is maintaining a constant intake. Little is known as to the bioavailability of 
polyphenols to cells within bodies tissues and organs, GIT, liver, skin, brain, etc. The 
blood-brain barrier (BBB) is made up of the endothelium of the brain’s microvessels, 
small blood vessels within the brain, and astrocytes, (a type of glial cell) that provide 
support and nutrients to the vessels (Pandey & Rizvi, 2009; Singh et al., 2008). Some 
polyphenols cross the BBB more readily, whereas others have greater difficulty. 
Vegetables such as kale, chili pepper, red cabbage, parsley, artichoke, 
Brussels sprouts and spinach have high concentrations of polyphenols. Fruits such as 
pomegranates, grapes, plum, pineapple, dates, and kiwi have high polyphenol content. 
Other fruits that have very high concentrations of polyphenols are most berries such 
as dog rose, crowberry, blueberry, strawberry, blackberry, and raspberry, and the 
citrus family, which includes lemon, clementine, orange, grapefruit, and lime (Singh 
et al., 2008). The National Health and Nutrition Examination Survey indicated that 
the estimated consumption of anthocyanins in the United States was around 12.5 
milligrams per day, which is 10 times higher than the intake of vitamin C and 100 
times higher than the intake of vitamin E. A study suggested that an intake of at least 
~14 mg per day of flavonoids was associated with slowed cognitive decline in 
individuals 65 years or older (Singh et al., 2008). Pandey and Rizvi (2009) 
determined that consumption of fruit and vegetable juices containing high 
concentrations of polyphenols, at least three times per week, may play an important 
role in delaying the onset of Alzheimer’s disease. 
 
 27 
Neuropathology  
The area of the brain that has been the focus of most radiation research is the 
hippocampus. The hippocampus is required for spatial learning, and damage to this 
area will result in poor performance on spatial tasks (O’Reilly & Rudy, 2001). 
Radiation has been shown to damage the hippocampus, resulting in fewer cells and 
impaired behavior. Rudy and Sutherland (1989) demonstrated that damage to the 
hippocampal formation results in poor performance in negative patterning 
discrimination. Negative pattern discrimination is where the animal is rewarded for 
bar pressing when either a light or tone was presented but not reinforcing the response 
when the compound stimulus, light and tone, were presented in an operant chamber. 
Animals with hippocampal damage were able to solve a simple discrimination, in 
which responding in the presence of a light was rewarded, but responding in the 
presence of a tone was not rewarded (Ruby & Sutherland, 1989). The hippocampus is 
responsible for contextual retrieving, which is retrieval of an item of stored 
information initiated by a cue (Hirsh, 1974).  
The hippocampus is divided into different regions, such as the CA1, CA2, 
CA3, CA4 (Cornu Ammonis), the dentate gyrus, and the subgranular layer (Figures 2 
and 3). The subgranular layer or zone, located in the dentate gyrus, is one of the few 
sites in the brain that continues to generate new neurons throughout life (Gould, 
Tanapat, Rydel, & Hastings, 2000). Projections of the dentate gyrus lead to the CA1, 
CA2, CA3, and CA4. In the hippocampal formation, suppression of inhibitory 
interneurons facilitates the encoding of new spatial information, which the CA1 is 
responsible for (Wilson & McNaughton, 1993). Research has demonstrated that the 
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rat pups’ grid cells, that are neurons located in the hippocampus and are involved in 
the ability to understand their position in space, are developed to the point of adult-
like cells at about 4 weeks (Langston et al., 2010). 
 The subventricular zone (SVZ) is another area where adult neurogenesis in the 
brain occurs. It is located along the walls of the lateral ventricles in the frontal lobe, 
which is anterior to the hippocampus. The SVZ contains four cell types: Type A, 
Type B, Type C and Type E. Type A cells are proliferating neuroblasts, which are 
dividing cells that will develop into neurons. Type B cells are slowly proliferating 
astrocytes, star-shaped glial cell, that are primary players in the development of new 
neurons and are capable of stimulating the generation of new neurons (Alvarez-
Buylla & García-Verdugo, 2002). Type C cells are actively proliferating cells and are 
children of type B cells (Falcão, Marques, Novais, Sousa, Palha, &Sousa, 2012). 
Type E cells are ciliated ependymal cells (Ashbourn, Miller, Reumers, Baekelandt & 
Geris, 2012). Ependymal cells are a type of glial cell, support cells in the brain, that 
line the cerebrospinal fluid (CSF) filled ventricles in the brain and central canal of the 
spinal cord. A study observed and tracked type A, B, and C cells within the SVZ and 
determined that all three types of cells grow at the same magnitude (Ashbourn et al., 
2012). 
 A study conducted by Bajwa (2015) determined the effects of grape 
polyphenols on mice that received a traumatic brain injury and craniotomy. It 
indicated that the craniotomy mice that received a grape-enriched diet had a smaller 
percentage of brain damage compared to the animals on a control diet (Bajwa, 2015). 
Pandey and Rizvi (2009) indicated that polyphenols from fruits and vegetables play a 
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role in neuroprotection by their ability to influence and modulate several cellular 
processes such as signaling, proliferation, apoptosis, redox balance and 
differentiation. Green tea polyphenols affect dopaminergic neurons in the substantia 
nigra, which is responsible for the development of Parkinson’s disease (Pandey & 
Rizvi, 2009). Research conducted on monkeys demonstrated that green tea 
polyphenols reduced the risk of Parkinson’s disease (Chen et al., 2015). 
 
Behavioral Effects 
Phytochemicals have alleviated the effects of injury and neurodegenerative 
diseases. Hartman and others (2016) has demonstrated that pomegranate polyphenols 
improved animals cued and spatial performance on the water maze task and had a 
faster overall swim speed. Ropacki, Patel, & Hartman (2013) demonstrated that 
patient’s undergoing cardiac surgery who received a polyphenol supplement had 
protection against surgery-induced retention deficits and may have actually improved 
memory retention even after heart surgery. Dulcich and Hartman (2012) 
demonstrated that polyphenols, more specifically pomegranates, blocked the 
depression-like behaviors in mice exposed to proton radiation. Polyphenols also 
restored natural avoidance behaviors in female mice, decreased agitation in male mice 
during a balance beam measure, and improved motor and coordination in male mice 
(Dulcich & Hartman, 2013). Mice on a grape-enriched diet had a longer latency 
before falling off the rotarod, even on the fast acceleration trial (Bajwa, 2015). 
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Gender Differences 
Lagace, Fischer, and Eisch (2007) performed research on mice, rats, and voles 
that indicated a gender difference in the endogenous levels of proliferation of new 
neurons in rats and voles but did not show any gender differences in mice. Research 
has demonstrated that in young adult rats (5 weeks of age), males have more 
proliferation than females; however, in older adult rats (2-3 months), females have 
more proliferation than males (Lagace et al., 2007). 
Pomegranate phytochemicals. Pomegranate juice contains polyphenols (e.g., 
tannins and anthocyanins) that have antioxidant and anti-inflammatory properties. 
Pomegranate juice contains 85% water, 10% total sugars, 1.5% of pectin, with the 
remaining constituents being ascorbic acid and polyphenolic flavonoids, phenolic 
acid tannins such as the punicalagins that break down in water to smaller phenols 
such as ellagic acid and gallic acid (Aviram et. al., 2000; Hartman, 2009). Another 
study also determined that peels with a darker red color have the highest phenolic 
content and antioxidant activity (Gözlekçi, Saraçoğlu, Onursal & Ŏzgen, 2011). 
Gözlekçi et. al. (2011) demonstrated the same results as Aviram et al. (2000) in 
determining the antioxidant effects and phenolic content. 
Pomegranate juice has antioxidant properties that may assist in alleviating 
oxidative stress. Antioxidants are man-made or natural substances that may prevent or 
delay some types of cell damage. Antioxidants can neutralize free radicals by 
accepting or donating electron(s) to eliminate the unpaired condition of the radical. 
The antioxidant molecule may directly react with radicals and destroy them, or they 
may become new free radicals that are less active, longer-lived and less dangerous 
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than those radicals that have been neutralized (Lü, Lin, Yao, & Chen, 2010). A study 
revealed that there was a decrease in oxidative stress after the first month in nineteen 
human patients; however, significant effects did not occur until nine to twelve months 
after pomegranate juice consumption (Aviram et. al., 2004).  
Another study examined the effects of polyphenol supplementation on 
patients who underwent an elective cardiac surgery. After heart surgery patients 
experience postoperative cognitive dysfunction, putatively due global ischemia that is 
decreased blood flow to the brain and causes low levels of oxygen and glucose 
delivered to cells in the brain. The results indicated that pomegranate polyphenols can 
protect against surgery-induced retention deficits and may actually improve memory 
retention even after heart surgery (Ropacki, Patel, & Hartman, 2013). Hartman and 
others (2006) examined the effects of pomegranate juice on transgenic mice that 
display Alzheimer’s disease-like pathology. Alzheimer’s disease is the most common 
cause of dementia and is characterized by neurofibrillary tangles caused by the 
accumulation of the tau protein, and amyloid-beta plaques caused by the build up of 
proteins that have been divided improperly. It was found that animals that received 
pomegranate juice improved on cued and spatial learning tasks and had faster overall 
swim speed. Also, the animals on the pomegranate-enriched diet had significantly 
reduced plaque load in the hippocampus (Hartman et al., 2006). 
 
Radiation and Phytochemicals 
 Radiation causes oxidative stress and phytochemicals have demonstrated the 
ability to alleviate oxidative stress. Radiation causes behavioral deficits and cell 
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apoptosis, and phytochemicals have demonstrated improvements in the performance 
of animals and humans performance on behavioral measures, and neuropathologic 
analysis of cells and tissues after exposure to radiation. 
 Ghosh, Dey, and Saha (2014) exposed human blood samples to black tea 
extract (BTE) prior to exposure to gamma radiation at a dose rate of 4.19 kGy/h. BTE 
demonstrated a reduction in apoptotic signal transduction and regulation of 
endogenous antioxidant enzymes (naturally antioxidant enzymes within the body). In 
normal lymphocytes pre-treated with various concentrations (1-10 μg/ml) of BTE, a 
significant dose dependent decrease in oxidative stress was observed compared to 
cancerous cells. However, high doses of BTE (10 μg/ml) showed toxic effects in both 
types of cells (Ghosh, Dey, & Saha, 2014). Another study assessed the use of green 
tea polyphenols (GTP) on ultraviolet radiation-induced skin cancer. Female hairless 
mice (SKH-1) that were six to seven weeks old were given purified GTP at a dose of 
2 grams per liter and then irradiated with UVB (180 mJ/cm2) every day for ten days. 
They showed that GTP in drinking water reduced incidence of UVB-induced skin 
carcinogenesis in terms of tumor incidence, tumor multiplicity, and tumor size. GTP 
resulted in a 35% lower tumor incidence at the end of the experiment (24 weeks; 
Katiyar, 2016; Mantena, Meeran, Elmets, & Katiyar, 2005). A similar study 
conducted by Katiyar (2015) observed the effects of grape seeds and ultraviolet 
radiation-induced immunosuppression, which leads to skin cancer. Mice (C3H/HeN 
model) were exposed to UVB radiation (180 mJ/cm2) and grape seed polyphenols 
(GSP). It was determined that GSP prevented UVB-induced immunosuppression 
through the rapid repair of UV-induced DNA damage (Katiyar, 2015; Katiyar, 2016). 
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 Nobile and others (2016) assessed the effects of rosemary and grapefruit 
polyphenols on human females that have received UVB radiation to areas of their 
thoracic and lumbar back. It was determined that both a 100 and 250 mg combination 
doses of polyphenols proved to be effective in decreasing skin redness induced by 
UVB exposure. Also, participants that received the 250 mg dose of the combination 
dose recovered much faster than the people that received the 100 mg dose. Wrinkle 
depth decreased by 43.7 μm in the 100 mg dose group after two months of treatment, 
and individuals that received 250 mg dose wrinkle depth was decreased by 35.9 μm 
(Nobile et al., 2016). Another study observed the effects of UVB radiation and 
protective effects of troxerutin, which demonstrated protection from UVB-induced 
cell growth arrest and death (Cha et al., 2014). 
 
Proton Radiation and Pomegranate Phytochemcials 
Currently, there is limited research on proton radiation and pomegranate 
phytochemicals. Dulcich (2013) observed the effects of proton radiation and 
pomegranates on the hippocampus and behavior. Radiation decreased neurogenesis in 
the dentate gyrus, more specifically the subgranular zone and granular cell layer. 
Radiation also affected the development of new developing cells in the subgranular 
zone. A pomegranate enriched diet lead to greater neurogenesis in the subgranular 
zone of non-irradiated animals. Also, non-irradiated males had greater cell 
proliferation in the granular cell layer than non-irradiated females (Dulcich, 2013). 
Male mice on the pomegranate enriched diet had increased cellular proliferation than 
males on the control diet and females on the pomegranate enriched diet. 
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 Irradiated mice displayed more depression-like behaviors than non-irradiated 
mice; however, pomegranate juice blocked this deficit (Dulcich, 2013). Control 
females demonstrated greater avoidance behavior within the elevated zero maze 
compared to control males. Irradiated mice did not significantly improve from 
baseline on the rotarod measure. Proton radiation led to increased agitation on the 
balance beam assay whereas a pomegranate enriched died decreased in males 
(Dulcich, 2013). On measures that assess sensorimotor coordination and balance, 
female mice performed significantly better across most tasks. Also, a pomegranate 
enriched diet improved rotarod performance for males on the fast accelerating task, 
which is the most difficult task, and not on the steady or slow tasks. On the learning 
and memory tasks, there was no difference between groups (Dulcich, 2013). 
 
The Current Study 
The aims of the current study were to: 
1. Determine whether radiation, diet, and/or gender affect the number of cells 
in the brain. Hypotheses: 
a. Irradiation will lower the number of cells in the brain. 
b. Pomegranate juice will ameliorate the defects radiation caused. 
c. Male mice will have more cells in their brains than female mice. 
2. Determine whether the number of cells in the brain, radiation, diet, and/or 
gender affect the use of strategies to solve a spatial learning task. 
Hypotheses: 
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a. More cells in the brain will lead to better use of strategies to solve 
a spatial learning task. 
b. Radiation will lead to poor use of strategies to solve a spatial 
learning task. 
c. Pomegranate will lead to better use of strategies to solve a spatial 
learning task. 
d. Male mice will utilize better strategies to solve a spatial 
learning task than female mice. 
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CHAPTER TWO 
METHODS 
Animals 
Male and female C57/B16 mice (N=96), 4 months old were purchased from 
Charles River laboratory. Animals were divided into four groups based on two factors: 
diet (pomegranate/control) and radiation exposure (irradiated/control) (NMale=48, 
NFemale=48; NPomegranate=48, NControl=48; NIrradiated=48, NControl=48). Animals were on a 12-
hour light/dark schedule and allowed free access to rodent chow and water. The mice 
were housed by gender and put three to six per cage. Animals were cared for based on the 
standards of the National Institutes of Health Guide for the Care and Use of Laboratory 
Animals and the Loma Linda University Institutional Animal Care and Use Committee. 
During the experiment, seven animals (two males and five females) died or were 
removed from the study (females were pregnant). 
 
Procedure 
Mice were tested on the WM prior to irradiation to establish baseline behavior. 
Forty-eight mice were placed in a box and then subjected to a whole body proton 
radiation beam at a dose of 2 Gy for about five minutes. Proton radiation was selected 
due to it being 85% of what astronauts will be exposed to. The average dose that the 
astronauts would receive is about 2 Gy. The other half of the mice were placed in the 
same box, but they did not receive any radiation. Eight weeks after irradiation, animals 
underwent behavioral testing on the WM. Animals in the diet group were given free 
access to diluted (1:20) pomegranate juice (PomWonderful) in filtered water. Hartman 
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and others demonstrated behavioral and histological differences with this dose. After the 
last day of testing, animals were anesthetized with Euthasol and perfused through the left 
ventricle with saline until death (see Table 3).  
 
Table 3. Timeline. 
Time Description 
1 week Acclimation 
2 weeks water maze administered 
~5 minutes Total body radiation (2 Gy) 
24-48 hours Post-Radiation water maze administered 
8 weeks Post-Radiation water maze administered 
After last test Animals were euthanized 
 
 
Once euthanization was confirmed, the brains were removed and placed in 
paraformaldehyde for 24 hours, then washed in saline, frozen with dry ice and stored at -
20°C until the brain is sectioned. 
 
Assessing Neuropathology in Rodents 
 In order to assess neuropathology in rodents, the researcher must remove the 
animal’s brain. Similar to determining human neuropathology, the researcher must 
extract the brain and slice the brain in a specific direction/orientation (coronal, horizontal, 
or sagittal). The brain and/or slices are then placed in a solution (cryoprotectant) in order 
to preserve the tissue from decay. The researcher normally has specific questions or 
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regions that he/she wishes to analyze. The size or area of the region, number of cells and 
neurons, axon projections, and plaque load are analyzed. 
 
Regions of Interest 
The hippocampus has several regions such as the CA1, CA2, CA3, CA4, Dentate 
Gyrus, and Subgranular Layer. The areas that are particular of interest are the CA1, CA3, 
Dentate Gyrus, and Subgranular Layer. The CA1 contains cells that are responsible for 
spatial learning. Projections from the Dentate Gyrus extend to the CA1, CA2, CA3, and 
CA4. Also, the CA1 through CA4 have projections to each region. The subgranular layer 
or zone, located in the dentate gyrus, is one of the few sites in the brain that continue to 
generate new neurons throughout life (Gould, Tanapat, Rydel, & Hastings, 2000). 
 
 
Figure 2. Coronal Section of Mouse Brain, Hippocampus. 
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Figure 3. Regions of Interest in the Hippocampus. 
 
 The subventricular zone (SVZ) is another area where adult neurogenesis in the 
brain occurs. It is located along the walls of the lateral ventricles of the frontal lobe. The 
SVZ contains four cell types: Type A, Type B, Type C and Type E. Type A cells are 
proliferating neuroblasts, which are dividing cells that will develop into neurons. Type B 
cells are slowly proliferating astrocytes, star-shaped glial cell, that are primary precursors 
for new neurons, which are capable of generating new neurons (Alvarez-Buylla & 
García-Verdugo, 2002). Type C cells are actively proliferating cells and are children of 
type B cells (Falcão, Marques, Novais, Sousa, Palha, &Sousa, 2012). Type E cells are 
ciliated ependymal cells (Ashbourn, Miller, Reumers, Baekelandt & Geris, 2012). 
Ependymal cells are a type of glial cells, support cells in the brain, that line the 
cerebrospinal fluid (CSF) filled ventricles in the brain and central canal of the spinal 
cord. A study observed and tracked type A, B, and C cells within the SVZ and 
CA1 
CA3 
DG 
SGL 
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determined that all three types of cells grow at the same magnitude. (Ashbourn et. al., 
2012). 
 
 
Figure 4. Coronal Section of Mouse Brain, Subventricular Zone. 
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Figure 5. Region of Interest in Subventricular Zone. 
 
Stains for Identifying Cells  
In order to identify cells within the brain stains are used and there are a various 
number of stains that are utilized. Stains are commonly used to identify various parts of 
the cell that are the soma (cell body), axons, and dendrites. Common stains that are 
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utilized in order to identify neurons and glial cells are Nissl stains, Hematoxylin and 
Eosin (H&E), Fast Blue (or Luxol Blue), Silver, and Neutral Red. 
 
DAPI  
DAPI is a fluorescent stain that binds to the nuclei (DNA and RNA) of neurons 
and glial cells in the brain. Visible light has a range of wavelengths from 380 nm to 750 
nm. The human eye can see the visible light spectrum from 390 nm to 700 nm. When 
DAPI binds to DNA, it has an absorption maximum wavelength at 358 nm with an 
emission maximum wavelength at 461 nm, which shows up as blue, whereas if RNA is 
stained it shows up as green. 
Cell counting protocol. The mouse brain was sliced at 50 μm and then put in 
cryoprotectant and stored at -20°C in order to conserve and protect the tissue from 
freezing. The tissue was separated to obtain two slices containing the hippocampus, 
Bregma level of 1.94 mm (see Figure 2), and one slice of the subventricular zone, 
Bregma level of 0.26 mm (see Figure 4). Bregma levels are an anatomical point of the 
skull and brain in order to locate certain structures within the animal’s brain. In order to 
account for hippocampal and subventricular zone size differences since slices are not 
selected from the exact Bregma level, an adjusted cell count was calculated (the number 
of cells divided by the area of the region). The tissue slices were washed in PBS (saline, 
pH 7.4), once for five seconds and then five times for 10 minutes each. Free floating 
brain sections were placed in mounting buffer (50% PBS and 50% ddH2O [double 
distilled water]) and mounted on slides (Superfrost). The slides were left to air dry and 
then Vectashield + DAPI was applied to each tissue and a cover slip was placed on top 
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until it spread evenly. Vectashield was added in order to preserve the florescence stain 
from fading and tissue. Coverslips were sealed using clear nail polish and stored in a slide 
box at 4°C.  
ImagePro, a program that was used to take photos of the brain sections at a 
magnification of 10x under the blue/cyan filter. ImageJ64, a program used to quantify 
cells count, area, etc., was used to count the cells within the region of interest. The nuclei 
in the hippocampus, which includes the CA1, CA3, Dentate Gyrus, and the Subgranular 
Layer, were counted (see Figure 3). The CA1 contains cells that are responsible for 
spatial learning and the projections of these cells lead to the CA3. Nuclei in the 
subventricular zone were also counted (see Figure 5). The Subgranular Layer and 
Subventricular zone are areas within the brain that contain new developing neurons. 
 
Assessing Cognition in Rodents 
Behavioral Assays 
There are various assays in order to measure learning and memory in mice such as 
Fear Conditioning, Water Maze, Passive Avoidance, Water T Maze, Novel Object 
Recognition, and Object Placement. However, the WM, Water T Maze, and Object 
Recognition specifically measure spatial learning. Object Placement is a test in which the 
mouse is exposed to two identical objects placed in specific locations in the enclosure 
during training trials. On test trial, one object is moved to a different location within the 
enclosure. The amount of time spent with the objects is recorded. The Water T Maze has 
a series of trials where the mouse learns to locate a hidden underwater platform placed at 
the end of an arm in the T maze. 
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Water Maze 
The WM is a learning and memory task. The animal’s route was tracked through 
a program called Noldus Ethovision tracking system. The WM is a 110 cm diameter tank 
filled with white opaque paint so the tracking system can track the mouse, which is dark 
colored. The animals were released into the tank at one of the four points and were 
allowed to locate the platform. Animals were tested for two weeks: 10 trials per day with 
trials lasting a maximum of sixty seconds. Each animal received five blocks of two trials 
each, which is equivalent to 10 trials a day.  
 
Day 1: Cued Water Maze  
The animals were released into the tank on the opposite side of the platform and 
had to locate it, which was made visible by raising the surface of the platform 1 cm above 
the water and placing a marker (pole) on top of it. Once the animal found the platform, it 
was left on it for 5 seconds. 
 
Day 2-5: Spatial Water Maze 
During the spatial task, animals were placed in the water tank and had to locate 
the platform, which is now hidden by being submerged 1 cm below the water. The 
animals had to rely on spatial cues to locate the platform. Once the animal had located the 
platform they remained on it for 5 seconds. A probe trial was administered at the 
beginning of the next day. During the probe trail, the platform was removed and the 
animal was allowed to search the tank for sixty seconds. 
 Assessing swim strategy in the water maze. The animals path was scored based 
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off of the navigation strategies mentioned by Janus (2004), and Brody and Holtzman 
(2007). For each trial the path was recorded and viewed in Noldus Ethovision. The 
examiner would play the video and judge based on the animal’s route as to what strategy 
is being used. The route/navigation strategies were given a number and recorded in an 
excel document with the animal ID number (See Table 1). The scorer was blind to the 
groups. Each swim path was scored once, then randomized and scored a second time to 
improve inter-rater reliability. The examiner randomized and scored the swim paths 
multiple times, four to five, in order to improve inter-rater reliability. A reliability of 85% 
or higher was obtained. The distance traveled was obtained through Noldus Ethovision 
and inputted into excel and coded/sorted based on the groups the animals were in and the 
swim strategy utilized. 
 
Statistical Analysis 
Swim strategies were coded and then entered into SPSS. Each strategy was 
assigned a number and when an animal exhibits a similar path then it is coded with that 
swim strategy then entered in SPSS. All statistical analyses were conducted using SPSS. 
To test the hypotheses regarding swim strategies, a convolution analysis was performed. 
A convolution analysis observed the shift in strategies in relation to the improvement of 
the animal when using each strategy instead of the changes in performance. 
 The average swim distance was calculated for each strategy for each group 
(male/female, pomegranate/control, irradiated/control) before radiation and after 
radiation. The average performance on pre and post radiation days for each swim strategy 
was multiplied by the frequency of which each strategy was used on each day for each 
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group. The predicted performance was calculated by taking the sum of all the average 
distances of each strategy, across all days, multiplied by the frequency in which it was 
used on day 1. The actual performance was calculated by using the same distance from 
the predicted performance and the frequency in which each strategy was used on day 2 
(Brody & Holtzman, 2006).  
Example 
 Predicted performance: 
66.28(0.135) + 146.43(0.089) + 714.56(0.063) + 232.83(0.05) + 
1213.46(0.272) + 618.83(0.111) + 55.9(0) + 227.84(0.010) + 105.19(0.148) + 
213.57(0.128) = 520.96 
Actual performance:  
82.41(0.135) + 156.59(0.089) + 239.70(0.063) + 263.31(0.05) + 
407.39(0.272) + 558.53(0.111) + 0(0) + 335.34(0.010) + 151.17(0.148) + 
225.91(0.128) = 278.74 
A converse analysis was performed where the frequency was held constant for 
each strategy to determine the effects of performance improvements with each swim 
strategy (Brody & Holtzman, 2006). In other words, it identified the performance 
improvements within each strategy alone. 
Example 
82.41(0.153) + 156.59(0.078) + 239.70(0.058) + 263.31(0.054) + 
407.39(0.262) + 558.53(0.131) + 0(0.001) + 335.34(0.004) + 151.17(0.124) + 
225.91(0.135) = 283.70 
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These analyses are better than a repeated-measures ANOVA because they gave 
the frequency at which strategy was used and the improvement of each group (irradiated, 
treatment, and gender) along with the improvement of the strategy meaning the 
improvement across training days. A repeated measures ANOVA analyzes the animals 
performance in terms of distance traveled; however, it does not take into account how the 
animal finds the platform. The convolution and converse analyses are better than a chi-
squared analysis because the three bigger groups or categories (Spatial, Non-Spatial, and 
Repetitive Looping) that Brody and Holtzman (2006) used were not confirmed with a 
factor analysis by determining that a few of individual strategies are similar and fall into 
the larger groups or categories. Groups and strategies were confirmed from Janus (2004), 
and Brody and Holtzman (2006). 
 A discriminant function analysis (DFA) was used to assess swim strategy. A DFA 
is used to determine which continuous variable discriminate between two or more 
naturally occurring groups. A DFA was performed over an MFA (Multifrequency 
Analysis) and a Chi-Square due to these analyses not being able to handle the various 
groups (independent variable has 3 groups and dependent variable had 11 groups). The 
DFA predicts what strategies are used by which groups/independent variables (gender, 
radiation, and treatment). If a strategy does not have enough frequencies or animals using 
it then it will be combined with other strategies according to research conducted by Janus 
(2004), and Brody and Holtzman (2006). A DFA is a multivariate analysis of variance 
(MANOVA) reversed, which is why a MANOVA was also conducted to check the fit of 
the model, indicating that it will confirm what swim strategies are used by males and 
females, radiation and sham, and pomegranate enriched diet and control. A MANOVA 
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tests for the difference in two or more vectors of means. The data was checked for 
outliers (any extreme scores or strategies that are not used frequently), homogeneity of 
variance-covariance matrices in order to determine that the variance within each 
population is equal, and multicollinearity, which is correlation between dependent 
variables meaning that each variable measures the same thing or behavior. Any outliers 
were deleted or transformed and a step-down analysis using a Bonferroni correction for 
Type I Error was used if any of the assumptions are violated due to multicollinearity. 
A power analysis was conducted in order to determine the number of animals to 
be obtained. A one-way ANOVA was performed on the cell counts for the regions of 
interest. The five assumptions for ANOVA were evaluated, and any violations were 
corrected using a different test such as a Bonferroni correction, transforming the data by 
either substituting the mean or adding/subtracting/multiplying/dividing the variable, and 
using a Welch for equal means and Games-Howell test for unequal sample sizes and 
variance: 
1. independent observations meaning that each animal has a data point and it is 
independent of any other animals 
2. normally distributed were the distributions of the residuals are normal 
3. homogeneity of variances is when the variances are equal 
Alpha will be set at 0.05. 
 
Potential Problems 
 1. Only one person will be scoring the data, which can lead to bias. Having more 
people scoring the swim paths would help increase the inter-rater reliability, which in 
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turn would make the claims stronger. 
 2. Another potential problem was that these are animals and translating the 
information to humans and the exposure to radiation may not be similar for humans as it 
is in mice. Astronauts will be exposed to radiation every day of about 0.3 to 1 Gray, 
whereas the animals were only subjected to one dose of radiation for five minutes. 
 3. One disadvantage of the WM is that the animals have to be handled during each 
trial and the forced swimming causes stress, which could affect the experimental 
manipulations due to the environment situation not being exactly how to what the 
astronauts will experience. 
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CHAPTER THREE 
RESULTS 
It was hypothesized that gender, condition, and diet would predict strategies used 
in the spatial learning task. It was hypothesized that animals receiving pomegranate juice 
and male mice would use better strategies, and that radiation would lead to poor use of 
strategies to solve a spatial learning task. The independent variables were gender (male 
vs. female), condition (radiation vs. sham), and diet (pomegranate vs. control). The 
dependent variable is swim strategy (spatial direct, spatial indirect, focal correct, focal 
incorrect, scanning, random search, or repetitive looping). 
The convolution and converse analyses were conducted to determine the 
percentage of use for each strategy and whether there was improvement (using one 
strategy but becoming faster) across the training days. It was determined that females 
used more spatial strategies (Spatial Direct, Spatial Indirect, and Focal Correct; 
determined by research, theory and logic) to locate the platform than males (Females = 
40%; Males = 35%). It was also found that females improved across training days by 
23.7%.  
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Figure 6. Frequency of strategies used by Males and Females (Spatial = Spatial Direct, 
Spatial Indirect, and Focal Correct; Non-Spatial = Focal Incorrect, Scanning and Random 
Search; Competitive Looping = Chaining, Circling, Thigmotaxis, and Looping). 
 
 
 
Figure 7. Female improvement of strategies used on Day 1 and Day 3 of testing. 
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The animals receiving a pomegranate-enriched diet used more spatial strategies to 
locate the platform than the control animals (Pomegranate = 40%; Control = 34.2%). The 
animals receiving a pomegranate-enriched diet improved their performance by 12%, 
whereas the placebo group improved by 9.1% across training days.  
 
 
Figure 8. Frequency of strategy used by animals receiving pomegranate-enriched and 
control diet. 
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Figure 9. Improvement across training days for animals receiving a pomegranate 
enriched and control diet. 
 
 
 
The sham animals used spatial strategies 38.2% of the time whereas irradiated 
animals used spatial strategies 36% of the time. However, the irradiated animals 
improved their performance by 14.5%, and the sham animals improved by 6.4% across 
training days. 
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Figure 10. Frequency of strategy used by irradiated and sham animals. 
 
 
  
 
Figure 11. Improvement across training days for irradiated and sham animals.  
 
 
R
ad
ia
tio
n
S
ha
m
0
20
40
60
80
100
F
re
q
u
e
n
c
y
Spatial Direct
Spatial Indirect
Focal Correct
Focal Incorrect
Scanning
Random Search
Chaining
Circling
Thigmotaxis
Looping
D
ay
1
D
ay
3
0
20
40
60
80
100
F
re
q
u
e
n
c
y
Sham
Spatial Direct
Spatial Indirect
Focal Correct
Focal Incorrect
Scanning
Random Search
Chaining
Circling
Thigmotaxis
Looping
D
ay
1
D
ay
3
0
20
40
60
80
100
F
re
q
u
e
n
c
y
Radiation
Spatial Direct
Spatial Indirect
Focal Correct
Focal Incorrect
Scanning
Random Search
Chaining
Circling
Thigmotaxis
Looping
Spatial 
Non-Spatial 
Competitive Looping 
Spatial 
Non-Spatial 
Competitive Looping 
 55 
To determine how gender, condition, and diet differed to the seven swim 
strategies (spatial direct, spatial indirect, focal correct, focal incorrect, scanning, random 
search, and repetitive looping), a discriminant function analysis was conducted. A 
transformation was conducted due to a number of swim strategies violating tolerance (the 
frequency of animals using the thigmotaxis, circling, looping, and chaining strategies 
were low); therefore, based on Brody and Holtzman (2006) the strategies were combined 
to form a “repetitive looping” strategy. 
The discriminant functions were not significant for gender, condition, and diet ( 
= .886, 2(7) = 10.255, p = .175;  = .939, 2(7) = 5.320, p = .621;  = .888, 2(7) = 
10.060, p = .185, respectively). However, the discriminant function correctly classified 
66% of male and female animals; whereas 54% of the animals were correctly classified 
for condition and 61% were correctly classified for diet groups. Therefore, males and 
females were classified as using a specific strategie(s). 
Tables 4, 5, and 6 demonstrate the search strategies that have the highest to lowest 
discriminating ability. For gender, condition, and diet, the scanning swim strategy had the 
highest discriminating ability indicating that certain animals utilized this strategy. 
 
Table 4. Standardized Canonical of the Discriminant Function 
Coefficients for Gender. 
Search Strategy Loadings 
Scanning 8.50 
Repetitive Looping 8.00 
Random Search 7.94 
Spatial Indirect 6.77 
Spatial Direct 5.88 
Focal Incorrect 4.49 
Focal Correct 4.29 
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Table 5. Standardized Canonical of the Discriminant Function 
Coefficients for Condition. 
Variable Loadings 
Scanning 15.67 
Random Search 15.49 
Repetitive Looping 15.29 
Spatial Indirect 12.18 
Spatial Direct 10.90 
Focal Correct 8.58 
Focal Incorrect 7.60 
 
Table 6. Standardized Canonical of the Discrimination Function 
Coefficients for Diet. 
Variable Loadings 
Scanning 9.23 
Random Search 9.20 
Repetitive Looping 8.22 
Spatial Indirect 7.18 
Spatial Direct 6.60 
Focal Correct 5.05 
Focal Incorrect 4.58 
 
 
Tables 7, 8, and 9 demonstrate the correlation of each swim strategy with each 
discriminant function for gender, condition, and diet. The spatial indirect swim strategy is 
correlated with each discriminant function for gender, condition, and diet indicating that 
certain animals utilize this strategy (rgender = .67; rcondition = .73; rdiet = .87). 
 
Table 7. Correlations of each variable for Gender (Note: * may be 
removed from the model [absolute value lower than .30]). 
Variable Loadings 
Spatial Indirect .67 
Focal Incorrect .41 
Random Search -.39 
Repetitive Looping -.33 
Scanning .08* 
Focal Correct -.06* 
Spatial Direct -.01* 
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Table 8. Correlations of each variable for Condition (Note: * may be 
removed from the model [absolute value lower than .30]). 
Variable Loadings 
Spatial Indirect .73 
Spatial Direct -.23* 
Random Search -.17* 
Scanning -.14* 
Repetitive Looping -.10* 
Focal Incorrect .06* 
Focal Correct .05* 
 
Table 9. Correlations of each variable for Diet (Note: * may be removed 
from the model [absolute value lower than .30]). 
Variable Loadings 
Spatial Indirect .87 
Repetitive Looping -.70 
Focal Correct .17* 
Spatial Direct .15* 
Random Search -.13* 
Focal Incorrect .13* 
Scanning -.08* 
 
 
The MANOVA indicated that the overall effect of gender and diet on swim 
strategy approached significance (p > .07 and p > .09, respectively), but the effect of 
radiation on swim strategy was not significant, p > .53. 
A step-down analysis using a Bonferroni correction for Type 1 Error (only for 
significant independent variable) was conducted, since the dependent variables were 
significantly correlated. Gender was significant only for the spatial indirect swim strategy 
(F(1) = 6.998, p < .01, partial η2=.079). Also, irradiation was approaching significance 
only for the spatial indirect swim strategy (F(1)=3.251, p>.07, partial η2=.038). Diet was 
significant for the spatial indirect and repetitive looping swim strategies (F(1)=10.435, 
p<.01, partial η2=.113; F(1)=5.686, p<.05, partial η2=.065). 
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A post-hoc comparison, Bonferroni and Tukey, revealed that females used spatial 
indirect swim strategy more than males, p < .01. Also, animals receiving pomegranate 
enriched diet used the spatial indirect more than control diet animals whereas animals 
receiving the control diet used repetitive looping swim strategies more than animals 
receiving the pomegranate enriched diet, p < .01 and .05, respectively. 
 
 
Figure 12. Female mice used the Spatial Indirect swim strategy more than Male mice. 
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Figure 13. Animals receiving the pomegranate enriched diet used Spatial Indirect strategy 
more than animals receiving the control diet. 
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Figure 14. Animals receiving the control diet used repetitive looping strategy more than 
animals receiving the pomegranate enriched diet. 
 
 
It was hypothesized that gender (male vs. female), condition (radiation vs. sham), 
and diet (pomegranate vs. control) would have an effect on the number of cells in the 
brain. It was hypothesized that a pomegranate enriched diet and male mice would have 
more cells in the regions of interest (ROIs) than females and animals receiving the 
control diet. It was also hypothesized that irradiated animals would have fewer cells in 
the ROIs than non-irradiated mice. The dependent variables were the numbers of cells in 
the ROIs (CA1, CA3, dentate gyrus, subgranular layer, and subventricular zone). 
A one-way analysis of variance (ANOVA) was calculated to determine the effect 
that gender, condition, and diet had on the number of cells in the brains’ ROIs. Condition 
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and diet did not significantly affect the number of cells in any of the ROIs (p > .05). 
Females had more cells than males in the subgranular layer of the hippocampus (F(1, 
31.453)=7.74, p < .05; See Figure 12), but gender did not significantly affect the number of 
cells in the CA1, CA3, dentate gyrus or subventricular zone (p > .05). 
 
 
Figure 15. Mean Adjusted Cell Counts Subgranular Layer for Female and Male mice. 
 
A Pearson’s correlation was run to determine the relationship between the number 
of cells in the ROI and each swim strategy. There was a significant positive correlation 
between cell counts in the dentate gyrus and focal incorrect swim strategy, and a negative 
correlation that approached significance for the subgranular layer and focal correct swim 
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strategy (r= .28, n= 53, p < .04; r= -.24, n=53, p > .09, respectively; See Figures 13 and 
14). 
 
 
 
Figure 16. Correlation of the number of cells in the Dentate Gyrus and Focal 
Incorrect swim strategy. 
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Figure 17. Correlation of the number of cells in the Subgranular layer and 
Focal Correct swim strategy. 
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CHAPTER FOUR 
DISCUSSION 
The purpose of this study was to explore the effects of proton radiation on swim 
strategies and number of cells in the hippocampus, as well as the potential mitigating 
effects of a pomegranate enriched diet. It was expected that radiation would have a 
negative effect on cell numbers in the hippocampus. O’Reilly & Rudy (2001) 
demonstrated that damage to the hippocampus resulted in poor performance on spatial 
tasks. However, we found that radiation and a pomegranate enriched diet did not have a 
significant effect on the number of cells within the hippocampus. Also, only two ROIs 
(dentate gyrus and subgranular layer of the hippocampus) had a correlation with two 
swim strategies (Focal Incorrect and Focal Correct). These results could be explained by 
DAPI being a general fluorescence stain that stains the nuclei of all cells, which include 
neurons and glial cells.  
Animals that received damage to the hippocampus indicated that there were less 
cells and neurogenesis. Approximately 9,000 new cells are produced every day in the 
adult rat hippocampus and most are differentiated into neurons, which is about more than 
250,000 new cells added to the dentate gyrus every month (Shors, Townsend, Zhao, 
Kozorovitskiy, & Gould, 2002). However, it was noted that even though animals had 
significantly less cells in the hippocampus it did not result in poor performance in the 
water maze task (Shors et al., 2002). It was expected that males would have more cells 
than females in the hippocampus. However, we found that females had more cells within 
the subgranular layer of the hippocampus than male mice. Lagace, Fischer, and Eisch 
(2007) demonstrated that research on rats and voles indicated a gender difference and 
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endogenous levels influences proliferation of new neurons; however, it was determined 
that mice do not show these differences. Research has demonstrated that in young adult 
rats (5 weeks of age), males have more proliferation than males; however, in older adult 
rats (2-3 months), females have more proliferation than males (Lagace et al., 2007). Also, 
the animals that received the pomegranate enriched diet group may not have been 
ingesting the diet long enough (only three months) for the bioavailability of polyphenols 
to take effect. The animals may also metabolize polyphenols differently indicating that 
the bioavailability may be low (Singh et al., 2008). Since DAPI stains the nuclei of all 
cells (neurons and glial cells) and quantifying measures, it is unknown whether females 
or males have more neurons. Previous research has demonstrated that fluorescence 
staining with the use of immunohistochemistry identifies neurons and newly developed 
neurons within the brain. 
Regarding the effects of radiation, gender, and a pomegranate-enriched diet on 
swim strategies, it was predicted that males rather than female animals would use a 
specific swim strategies such as Spatial Direct, Spatial Indirect and Focal Correct more 
than the others, which indicates spatial learning and memory. It was also found that 
females used more spatial strategies to locate the platform and improved across training 
days than males. Literature demonstrates that female animals perform better during 
periods of their estrus cycle (Warren and Juraska, 1997); however, Thorndyke (2013) 
demonstrated that there was no performance differences in mice. Also, it has been 
demonstrated that female animals and male animals perform equally on spatial tasks 
(Rodríguez et. al., 2010). Males are preferred in research due to complications with the 
female estrus cycle in terms of varied performance during the estrus cycle and planning. 
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Regarding diet, we found that animals receiving a pomegranate enriched diet 
preferentially used two specific swim strategies (spatial indirect and repetitive looping). 
Also, animals receiving a pomegranate enriched diet used more spatial strategies and 
improved across training days than animals receiving the control. These results confirmed 
the hypothesis that a pomegranate enriched diet improves performance on behavioral 
tasks. Literature has shown that pomegranate enriched diets improve not only 
neurogenesis but also cognition and behavior (Aviram et al., 2000; Dulcich and Hartman, 
2012; Ropacki et al., 2013). Pomegranate juice has been shown to increase the animals’ 
performance in the cued and spatial learning task, overall swim speed, and decrease 
plaque load in the hippocampus (Hartman et al., 2006; Ropacki et al., 2013).  
The study demonstrated that irradiated animals use spatial strategies less than 
animals in the sham condition; however, irradiated animals improved across training 
days. Previous literature has demonstrated that low doses of radiation can cause a 
hormetic effect, which causes the animals to improve in behavioral tasks (Begum, Wang, 
Mori, & Vares, 2012; Luckey, 2006). It is thought that low doses of radiation up-regulate 
the immune system, initiating a healing process. Low doses of radiation activated the 
immune system in several ways such as faster wound healing, and increased resistance to 
toxins, infections, and tumor cell injections (Luckey, 2006). An increase in lymphocyte 
production that assists the body in searching and destroying is facilitated by the 
destruction of radiation sensitive T repressor cells which helps other T cells, a type of 
lymphocyte, to be more efficient (Luckey, 2006). 
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Future Research 
In order to determine the effects radiation and treatment of pomegranate juice has 
on the number of cells in the brain it is suggested that better immuno-histochemistry and 
fluorescence staining to identify neurons and microscopic procedures to improve the 
visibility of individual cells. Also, conduct a longitudinal study using animals in order to 
determine the effects of pomegranate polyphenols with varying doses and duration, 
which will help understand how long and amount is needed to influence behavior 
changes in swim strategies or performance, and cell counts. Additionally, future research 
should observe whether different doses and duration of proton radiation produces 
improvement and deficits in the type of swim strategy that is used, and the effect on the 
number of cells within the hippocampus/brain. 
 
Conclusion 
The findings of this study indicated that there were gender and diet differences in 
the type of strategy that the animal used meaning that even though there may not be 
differences in the distance traveled indicating that the mice traveled the same distance 
and improved across training days; however, the mice are using a different way or route 
to locate the platform (Dulcich and Hartman, 2012). The findings from this study 
compared to previous literature indicated conflicting results about gender, more 
specifically, females and the number of cell counts and performance. Literature 
demonstrated that females had fewer cells than males; however, the difference is not 
significant when the animals are adult age. Little is known about the mechanisms that 
occur in the female and the male brain along with the bioavailability of polyphenols.  
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Preliminary Results 
In order to improve the reliability and accuracy of cell counts, the tissue was 
examined under a confocal microscope under 40x magnification. A sample of each 
region of interest was taken at different depths of the tissue (top, middle, and bottom). 
Each of the photos was merged into one photo. ImageJ was used in order to change the 
photo into a black and white image and track cell counts. Cell counts were then put into 
SPSS. The data was checked for any outliers and then a factorial ANOVA was 
conducted. It was determined that there was a statistically significant difference among 
male and female mice for the CA1 (F = 8.58, p < .01, partial η2 = .17), and Dentate Gyrus 
region of the hippocampus (F = 4.23, p < .05, partial η2 = .08). Female mice have more 
cells in the CA1 and Dentate Gyrus than male mice. There was no significance between 
the number of cells among animals that underwent radiation or the sham condition. There 
was a statistically significant difference among animals receiving the pomegranate 
enriched diet or the controlled diet and the number of cells in the CA3 (F = 6.35, p < .05, 
partial η2 = .13). Animals who received the pomegranate-enriched diet have more cells 
than the animals that received a controlled diet. 
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